A synchrotron x-ray liquid surface spectrometer

Mark L. Schlossman®
Department of Physics and Department of Chemistry, University of lllinois at Chicago,
845 West Taylor Street, Chicago, lllinois 60607

Dennis Synal, Yongmin Guan, Mati Meron, and Grace Shea-McCarthy
Center for Advanced Radiation Sources, University of Chicago, 5640 South Ellis Avenue, Chicago,
lllinois 60637

Zhengging Huang
Center for Advanced Radiation Sources and James Franck Institute and Department of Chemistry,
University of Chicago, 5640 South Ellis Avenue, Chicago, lllinois 60637

Anibal Acero
James Franck Institute and Department of Chemistry, University of Chicago, 5640 South Ellis Avenue,
Chicago, lllinois 60637

Scott M. Williams
Department of Physics and Department of Chemistry, University of lllinois at Chicago,
845 West Taylor Street, Chicago, lllinois 60607

Stuart A. Rice
James Franck Institute and Department of Chemistry, University of Chicago, 5640 South Ellis Avenue,
Chicago, lllinois 60637

P. James Viccaro
Center for Advanced Radiation Sources, University of Chicago, 5640 South Ellis Avenue, Chicago,
Illinois 60637

(Received 6 March 1997; accepted for publication 29 August 1997

The design of a synchrotron x-ray liquid surface spectrometer at beamline X19C at the National
Synchrotron Light Source is described. This spectrometer is capable of performing the full range of
x-ray surface scattering techniques. A few examples of measurements made using this spectrometer
are presented, including studies of organic monolayers on the surface of water and of the structure
of strongly fluctuating oil-microemulsion interfaces. The measurements discussed illustrate the
accuracy, resolution, and capabilities of the spectrometer19@7 American Institute of Physics.
[S0034-67487)00312-2

I. INTRODUCTION allows for precisdand accuratespecification of th& vec-

L ) o tor as well as enhanced sample stabi{ityportant for liquid

Liquid surfaces and interfaces are of scientific mteresrsampleg (c) simple optics, a single-crystal monochromator

because of their use in probing and testing ideas of structurg, multilayer, to monochromate and steer the beam; (@nd
and phase behavior at interfaces and in inhomogeneous m&raightfoma{rd tuning of the x-ray wavelengfhom 6 t<; 17
dia. They are of technological importance because of thge\/) that allows for measurement of differential anomalous
many physical, chemical, and biological processes that 0CCUgfectivity and fluorescence, and grazing incidence anoma-
at interfaces. Although studied for many years, fundamentg|,,,q x-ray scattering.
questions remain concerning both the longitudifait-of- To date, the experimental techniques exploited using the
plang and transversdin-plang structure of the interface. 19¢ spectrometer have included x-ray reflectivity, surface
Recently, experimental techmqties such as surface sensitifx ,se scattering, grazing-incidence diffraction, and reflec-
x-ray and neutron scatteriig” and nonlinear optical ;o standing-wave fluorescence. These have been used to

method$®® have allowed these interfaces to be probed Ofkydy surfactant monolayers on the water surfc8liquid
the molecular length scale. In this article, we describe a syngatq) surfaced liquid—liquid interfaces in

chrotron x-ray liquid surface spectrometer recently installed, i-roemulsion€2! and gold colloids in polymer thin
at beamline X19C at the National Synchrotron Light Sourcesjjms 22 High-resolution coherent scattering has been used to
at Brookhaven National LaboratofNSLS) and mention & 4,4y the propagation and scattering of partially coherent

few recent results from this device. _ x-ray beams from surfaces of patterned opfits.
The X19C liquid surface spectrometer is capable of mea-

suring x-ray reflection, grazing-incidence diffraction and
fluorescence, surface diffuse scattering, and anomalous ré- SURFACE X-RAY SCATTERING TECHNIQUES AND

flection. It has the following featurea) the capacity to use KINEMATICS

large and heavy sample chambefs) a sturdy design that Surface x-ray scattering has been reviewed numerous
times?*~2°Here, we mention a few aspects necessary to un-
dElectronic mail: schloss@tigger.cc.uic.edu derstand the design of a liquid surface spectrometer. The
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With real interfaces, for which the index of refraction
profile normal to the interface changes smoothly from one
bulk phase to the other, the specularly reflected intensity,
R(«), will deviate fromRg(«) in @ manner that allows char-
acterization of the index of refraction profile. X-ray specular
reflectivity is often interpreted in terms of the first Born ap-
proximation. The principal result is given #y

Rla) | 1 fdzd@(z))

2
= exp(iQ,z)| , 3
Re(a) 4 eRiQ.2) &)
FIG. 1. Kinematics of surface x-ray scatterirlg; is the incoming wave . . .
vector,ky.is the scattered wave vectd, is the wave-vector transfer with whered(p(z))/dz is the electron density gradient averaged

Qu=Q,+Q, in the plane and, normal to the surface. over thex—y plane(parallel to the surface at constamnt and
Poulk 1S the electron density far below the surface. However,

. . . this approach neglects refraction and multiple scattering, and
three techniques discussed below, specular reflection, surfageq (3) is not accurate for<4a,. Other methods of analy-
. <4aq..

diffuse scattering, and grazing-incidence diffraction, are thesis are accurate at these small andlese Eq.(21)]'26,31,32
primary techniques for studying liquid surfaces and deter—q refiectivity can be used to measure the electron density
mine most of the technical requirements for the spectrom; o t-ial profile,(p(z)), with resolution on the order of a
eter. fraction of a nanometer.
The reflectivity from simple liquid surfaces can often be
characterized by a roughness,For example, the reflectivity
lll. SPECULAR REFLECTION from a pure water surface forgk<Q,<7.5nm ! (where

The ki i f surf ttering is illustrated in Fi Q. is the wave-vector transfer at the critical angle for total
) € |ner11a 'ES.O surtace scatiering 1S lustrated In Fg. oo otion, and for wate®.=0.217 nm?) can be described
1; note thate=90° is normal to the surface. For arbitrasy Py

B, ande, the three components of the wave-vector transfer o

Poulk

the scattered radiatioQ= kg, Kj,, are R(Q,) 2 5
=exp(—Qzo9), 4
Q= (27N cog B)sin(), Re(Q) v
Q= (27/\)[cog B)cos @) — cog a)], (1) g(;/rresponding to an electron density profile in E2).given
Q= (2mhILsinp) s @) p(2)=Hpr+ p,)+ Hpi -~ perl 2l ov]

Specular reflection occurs wham= 8 and ¢=0 [Q,
=Qy=0,Q,=(4m/\)sin(a)]. This reflection is usually mea-
sured at small angles where polarization effects are not im-

portant. It is convenient to consider the special case of po- h q he el density for liauid and
larization parallel to the surface. For radiation in a material"€rép andp, are the electron density for liquid and vapor

of index of refractionn,, incident on a plane surface at bulk phases. This interfacial profile is the prediction of the
which the index of refraction abruptly changesrig, the capillary wave theory by Buff, Lovett, and Stilling&f.

- o Equation(4) shows that the reflectivity for a rough surface
specular reflectivit , Is given by the Fresnel formula
0? classical OptiC@yRF(a) g y drops faster than thex(./2«)* drop-off for the smooth step-

function interface.
n sin a—yn3—n? cod a ? As seen from Eq(3), the reflectivity measures the elec-
' @ tron density averaged over the in-plane directionandy,

of the surface. The spatial resolution of the density profile
For x-ray energies greater than the material’s electronic bindrormal to the surface is approximatelyr&XQ, . Better spatial
ing energies, a simplified expression for the index of refracresolution can result from analysis of an experiment if there
tion, n, can be written, namely,n=1—\?%(prJ/2m) are physical or chemical constraints on the functional form
+ik(ua/dm), wherel is the x-ray wavelengthy is the elec-  of the electron density profile.

2 z o,
. _ —t
with erf(z) —\/; Joe dt, (5)

Re(a)=

n, sin a++n3—n? cog «

tron density in the materiak,.=(e?/mc?)=2.818 fm is the Consideration of anticipated interfacial structures pro-
classical electron radius, and, is the x-ray linear absorp- vides the guideline for spectrometer design. To determine the
tion coefficient for intensity’ largest Q, necessary, consider the smallest structure that

If material 1 is air i;=1), andn,<1 (as it is for most needs to be measured. In our experiments, this smallest
materials at x-ray wavelengthshere is a critical angle for structure occurs in the case of liquid metals. This interface
x-ray total reflection,a.=cos }(n,)=+pr\% 7. For most has been shown to be stratified with layer spacing at the
materials,a. is approximately 2—5 mrad for an x-ray wave- interface similar to nearest-neighbor spacing in the bulk,
length of A=0.154 nm. If absorption is neglected, then ~0.25 nm. Therefore, the reflectivity contains a peakat

Re(a)=1 when a<a, and Rg(a)~(a/2a)* when a =25nm L This sets a lower limit on the maximu®,
>a.. This functional form illustrates the rapid decrease inneeded for the spectrometer. Although higher spatial resolu-
reflected intensity as the incident angle increases. tion is always desirable in principle, in practice, it may not
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be easy to obtain for two reasond) larger values ofQ,
require larger spectrometer motions, which may not be prac-
tical; and 2 the surface roughness reduces the reflectivity
signal. For example, a water surface has a roughnesst
~0.27 nm resulting in a practical limitation on measure-
ments toQ,=<7.5 nm ! (for x-ray wavelength. = 0.154 nm).

At larger values 0fQ,, the scattering from x rays that pen-
etrate into the bulk water overwhelms the reflectivity signal
from the surface. Liquid metal surfaces are sufficiently
smooth,o=0.09 nm, to allow for measurements out@y

=25 nmi * or higher!?34% A0,
The requirement on the smallest accessible valu&3,of (b)

is determined by our experiments on liquid—liquid interfaces. AQy [—

These interfaces may have a critical wave-vector transfer for

total reflection as small a®,=0.05nm’. To accurately Kscat tAQz

determine the reflectivity curve, it is advantageous to be able

to measure down to slightly smaller valuexQ, . 0

=0.03 nm*. Since these systems also have a large interfa- Kin y=

cial roughnessg=6 nm or larger, which limits the maxi-

mum accessibl&®, to ~0.5 nm', it is necessary to make _ o y _

. . FIG. 2. Resolution considerations for specular reflectivity for which
_detalled _measurement_s over this small rang@pfo getany =pB. (@ In theQ,—Q, plane the width in incoming vectors, Ak,, and the
information about the interface. width in scattered vectors,Ake.is shown. The widths are determined by

The desired resolution i, is ~0.01 nm®. This is slit sizes and the energy bandwidth. These widths may represent a square
necessary to measure the reflectivity curve in the quuidJ’Ve” transmissilon for Whic_h everly vectgr whose arrovyhead_is on the line
liquid systems and is also useful for measuring films as thick: in (0" Akscal is allowed; if not on the line, this vector is forbidden. More

o . ealistically, the widths represent the width of a distribution, for example,
as 100 nm. In the latter case, oscillations due to interferencgaussian, of incoming and scattered wave veci@sThe convolution of
between the reflection from the top and bottom layers othe two resolution widthsAk;, and Aksc., yield a parallelogram resolution

these films can be clearly measured only with the specifiegea in theQ,~Q, plane. For the square well transmission, oQlyectors
resolution (whereQ= K. kin) Within the parallelogram are scattered into the detec-

. . tor. More realistically, the parallelogram schematically represents a convo-
Measurements at sma@), also constrain the size and |ytion of distributions ink;, andke.. The resolution area reveals an effec-
divergence of the x-ray beam incident on the sample. Fotive resolution for specular reflection in th, direction, AQ,, and an
example, liquid—liquid interfaces often have relatively smalleffective width in theQ, direction, AQ, . This shows that for a chosen
flat regions, 10—-20 mm Iong, that are most useful for reflecgngulqr settln_g of the spectrometer, specular reflection from a ran@e,of _
. . . .. AQ,, is received by the detector. Also, to measure background scattering
tion measurement& region of the sample surface is consid- that does not include a component of the specular reflection, it is necessary
ered to be macroscopically flat if it has a slope error mucho tune away from the specular condition by a wid&Q,/2, in the Q,
smaller than the angular acceptance of the detecéarthe  direction.
smallest reflection angles;y2.5x10 # rad, the beam size
must be~10um at the sample for the footprint to cover The background for reflectivity measurements is often mea-
only the flat region. Since the nearest distance of a bearsured by offsetting the spectrometer far enougiQinto be
defining slit to the center of our sample chamber is 12 cmseveral resolution widths away from the specular condition.
we use a 5um vertical slit gap. However, this small slit Since AQy=sin a(Akiy+ AKgea)=a(Akj,+AKgeq),  for
alone is inadequate because the natural vertical divergence sifnall «, it is possible to maintain the same number of reso-
the beam, X 10™* rad, increases the beam size by 4@ lution widths as a function of the incident angle by scanning
over the 12 cm distance. To reduce the beam divergence t@long a line that connect®,=0, Q,=Q,,/a, Q,=Q, ) to
2x10°° rad, two 5um slits placed~600 mm apart on the (0,Q,2/a,Q,,) wherea is selected such that the position
input arm are used. These considerations set the approximat@,Q,/a,Q,) is a chosen number of resolution widths away
size of the input arm. Tracking the beam through these twdrom the specular conditiofa is determined experimentally
fine slits also requires excellent angular control over the inby scanningQ, at a fixedQ,). Alternatively, the background
put arm. can be measured by scanning ald@g at a fixed offset in
Limitations similar to those just mentioned, for other Q,. However, this latter procedure does not maintain the
experiments that we considered at the time of design, haveame relative distance from the peak as a functio of
set the specifications for the spectrometer as a whole and its The x-ray absorption lengthu, 1 at 8 keV (
individual components. =0.15nm) is approximately 1 mm in water and in most
In addition to scanning the spectrometer over a selectedrganic fluids. Sincgt,>(Energy) 3, use of high-energy x
range ofQ, for Q,=Q,=0, measurements of specular re- rays(such as 15 ke)/greatly reduces the absorption, allow-
flectivity also require determination of the background scating the x rays to penetrate further into the bulk liquid. Higher
tering that must be subtracted. The finite angular resolutioenergies are very useful when bulk liquid needs to be pen-
of the spectrometer results in a broadening of a scan alonegtrated to probe a buried interface, as occurs in our studies of
Qy through the specular condition, as illustrated in Fig. 2.liquid—liquid interfaces.
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Although specular reflection is the dominant scattering (rep)? kKgT [(a+rar) (Aol2)
process in the direction g8=« and ¢=0, at anglesB+ « =1, aAa v af(

and¢# 0, far enough away from the specular reflection con- Vo Hada) ae)
dition, scattering from the bulk liquid is dominant. By simul- (B+AB2) | T(a)2T(B)|?
taneously measuring the angular dependence of the specular (B—ABI2) q°+ k; ' ®)

reflectivity and bulk scattering, it is possible to monitor the

structure of the bulk liquid in the same experiment in whichWherel, is the tOtfl incident flux;y is the measured interfa-
the surface structure is studied. cial tension, ankg=Apng/y whereAp,, is the massden-

sity difference between the two bulk phasgss the gravi-
tational acceleration, anfle, AB, andA¢ are the widths of
the distributions of the respective angles, wheres an in-
IV. SURFACE DIFFUSE SCATTERING plane azimuthal angle.
These measurements are made either by scanni@g in

Tuning off the condition for specular reflection results in g s . .
. or by fixing the incident angley, and scanning the scattering
a nonzero in-plane component of the wave-vector transferan le,, in the plane of incidence. For the more demandin
Qxy=(Qx,Qy) (this scattering is referred to as surface dif- ge.p, b ' 9

fuse scattering For small angle scattering off the specular studi?g of ngid—liquid interfaqes, the required. resolution is
condition, if |a— B|<a<1 and¢=0, thenQ,=(47/\)a, ~10 nm = in Qy or 0'001. in angle. Scannin@, may
0,=0 and QyE(ﬂ'/)\)(az—,Bz)E(QZ/Z)(a—B), resulting also require a sample motion accurate tquh for small

in values ofQ, as small as 10’(2#/)\). This allows for samples, so th'e beam foptprlnt stay§ on the flat area of the
sample. For this reason, it is often simpler to scan the scat-

measurements that are sensitive to long-wavelength strug- . . ! L
9 9 ?ermg angle with a fixed incident angle. The other spectrom-

tures at the interface, such as long-wavelength capillary . . :
o PPN eter requirements for surface diffuse scattering measure-
waves. For example, ifa=0.5°, a—B=0.1°, and A

—0.15 nm, then /Q,=10 zm, comparable to the smallest ments are similar to those for reflectivity measurements.
length scales usually probed in scattering by visible light;
however, with x rays, the measurements can be extended
length scales that are orders of magnitude smaller. {? GRAZING INCIDENCE DIFFRACTION
If the surface or interface is not perfectly smooth and if  Scattering from the surface can also dominate when, for
the amplitude of the height fluctuation(x,y), are small in  a<aq,, the incident wave is totally reflectéd.Neglecting
comparison with 19,, the distorted wave Born approxima- absorption, the incident intensity penetrates the surface as an
tion yields the following form for the differential cross sec- evanescent wave, which falls off as exig{A;), where A,
tion for x-ray surface diffuse scatterirfig=6-38 =[(4m/\) JaZ—a?] L. For a;=0.2°, a=0.8,, and \
g =0.15 nm, the intensity is reduced tceldf its initial value
g _ 2 zf 2 Q- in approximately 5 nm. For this value af and almost any
— =T1ZA,|T T dx d x,y))e " o e
do ¢ A T()T(B)] Y EExy)) value of B<10°, scattering in thee direction at Q,,
6 =\Qi+Q2=(4m/\)sin(¢/2) will probe structure parallel
] ) ] ] ) to the surface and within approximately 10 nm of the inter-
wherep is the average electron densit,, is the illumi- e This experimental geometry can be used, for example,

nated area of the sample, af¥f(x,y)) is the height-height (5 jnyestigate the in-plane structure of molecular monolayers
correlation functionT(¥), 9=« or B, is the Fresnel trans- 4 the liquid—vapor interface.

mission coefficient for the amplitude of the total wave field g, 5 monolayer of point particles at the liquid—vapor

at the surface, polarized perpendicularly to the plane of inCijyierface, the distorted wave Born approximation yields the
dence, written &5 following generalization of Eq(6):%6-38

2n4 sin ¥

7 d_azrzA |T(a)|2|T(,3)|2f dx dy(psps(X,y))e' D
n; sin ¥+[n2—n? cog 9172 ao = e

9

For small angles anah;=1, T(3)=23/[(I9+ \/1‘}2—1‘}5], where pg(X,y) describes the surface electron density of the
and |T(9)|?=(28/9.)%VRe(9¥). The function |T(a)|?,  point particles, that ig p(x,y,z)—(p(2))]1=ps(X.y)5(2),
which is proportional to the square of the field, varies from OandA,, is the illuminated area of the sample. If the particles
to 4, asa increases from 0 te, and then falls to unity for form a two-dimensional ordered phase, the evanescent wave
a>a.. The factorT(B) appears because of a similar effect will diffract from the in-plane order when the in-plane trans-
in the coupling between the surface currents and the scaferred momentun®,, corresponds to an in-plane reciprocal
tered fields?5-39-43 lattice vectorG,,, regardless of the value @,. As a con-

The angular dependence of the two factdféx) and  sequence, there are Bragg rods of scattering for surface order
T(B), enables the surface scattering to be distinguished frorfinstead of Laue spots as for bulk diffractjdli For point
other diffuse scattering processes. This is particularly usefyparticles, the intensity along the Bragg rod will be deter-
for probing the height fluctuations due to thermally excitedmined only by the classical surface field enhancemief,)
capillary waves. In this case, the scattered intensify, is  andT(B), described previously, and by polarization effects.
written as’ If the particles in the monolayer are molecules, then the in-

T(9)=
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TABLE I. Spectrometer and beamline motors.

Name(mnemoni¢ Purpose Hardware Step size
Slit 1 vertical (s1v) Vertical beam size before mirror NSLS design N/A
Slit 2 horizontal(s1h Horizontal beam size before mirror NSLS design N/A
Mirror bend (mirb) Adjusts mirror focus vertically Custom 4/5m
Mirror jack 1 (mirj1) Vertical mirror motion Custom 3.um
Mirror jack 2 (mirj2) Vertical mirror motion Custom 3.um
Mirror jack 3 (mirj3) Vertical mirror motion Custom 3.um
Mirror translation 1(mirtl) Horizontal mirror motion Custom 4.0m
Mirror translation 2(mirt2) Horizontal mirror motion Custom 4.0m
Slit 2 outer(s20 Vertical beam size after mirror Custom 4.0n
Slit 2 inner(s2i) Vertical beam size after mirror Custom 4.0n
Slit 2 left (s2)) Horizontal beam size after mirror Custom Gutn
Slit 2 right (s2n) Horizontal beam size after mirror Custom 4ufn
Monochromator translation Adjusts position of monochromator Custom 4.0um
(monob within the 3-circle
Theta(th) 0, 3-circle theta stage for Huber 410 5<107%°
monochromator alignment
Chi (chi) X, beam steering Huber 511.1 XBLO™4°
Phi (phi) d-stage set9g, Bragg angle, for Huber 511.1 X 10 4
beam energy
Two theta(tth) 20, spectrometer rotation Huber 440 XB 04
Input height(ih) Input arm vertical translation Anorad 7-6 1.3 um
(100 mm
trave)
Input rotation(ir) «, input arm rotation Huber 414 %10 4°
Sample heightsh) Sample vertical translation Custom 1uBn
Sample thetdsth) Sample rotation Franke 5x1073%°
PDM400M
Detector thetgdth) ¢, detector rotation about sample Franke 5x 10 %°
center PDM400M
Output rotation(or) B, output arm rotation Franke 5x10 4
PDM175M
Output height(oh) Output arm vertical translation Anorad 7-10 1.3 um
(200 mm
trave)
Spectrometer translatiafyt) Translates entire spectrometer and Custom 3.2um
monochromator tank transverse
(horizonta) to the beam
Hutch slit motors(s#b, st 4-jaw slit motions in hutch# Huber slits 0.6um
sttl, or str) identifies slit; t, b, I, or r identifies or
jaw (top, bottom, left, right 1.2 um
Hutch absorbethabs Absorber wheel in hutch Custom N/A
Beamline absorbeibabs Absorber foil in beamline Custom N/A

tensity,l(Q,), along the Bragg rod is modulated by the mo- ally measured at X19C with a gas ionization position sensi-
lecular structure factor normal to the surfaégGy,,Q,), tive wire detector (Ordela, 200 mm long active wire
and is represented as region.*® A single measurement with this detector scans a
) ) ) range inQ, of ~1 A~ (at an x-ray energy of 8 keV The
1(Q) x| T(a)|?|F(Gyy, Q) |IT(B)|*. (10 range inQ, may be essentially doubled by translating the
For monolayers of long molecules that exhibit ordering ofdetector with the “oh” stagesee Table )l The minimum
the molecular tilts, the factoF(G,,,Q,) is a function of width of a peak along the Bragg rod is approximately the
both the molecular tilt and the intrinsic molecular structureinverse of the monolayer thickness, typically, 1/20°A The
factor. The intensity distribution along the Bragg rod pro-resolution of the linear detector i@, is ~3x 10 4 rad, far
vides information analogous to that contained in reflectivityexceeding that necessary to measure the peak widths. This
measurements, but only for the ordered part of the monoallows many(typically, 100—200 adjacent detector channels
layer. to be summed, improving the signal-to-background ratio.
Scans in ¢ using the detector theta rotation stage
(*dth™ ) are used to determine the locations of the Braggy|. DESIGN
rods inQyy, thereby determining the reciprocal lattice of the
in-plane ordekKsee Table)l Due to the weak scattering from
the ordered structures of Langmuir monolayers, a Soller slit  The X19C beamline delivers radiation in the energy
with in-plane angular resolution of>310 2 rad is used to range from 6 to 17 keV. The beam is focused in the vertical
maximize the signdl.Structure along the Bragg rods is usu- and horizontal by a cylindrically cut mirror that is mechani-

A. X19C beamline
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TABLE II. Total flux measured after the steering monochromég&pot size
~0.5X1 mm).

Monochromator EnergykeV) Flux (photons/s
Si(111) 8 3x 10
Si(11) 15 2x10%°
Multilayer (17.5 A 2d spacing 8 >7x10%
Multilayer (17.5 A 2d spacing 15 6x 10t

cally bent. The measured beam spot sizdl width at half-
maximun) near the focus in the experimental area is
0.4 mmx1 mm (verticakhorizontal). The angular diver-
gence of the beam is 10@rad in the vertical and 2 mrad in
the horizontal. The resultant x-ray fluxes from different
monochromators at two sample energies are listed in Table
Il

B. Spectrometer overview

There are several different methods for experimentally
achieving the kinematic conditions needed for detection of
scattering from liquid surface’s»*4’~>Reflection and sur-
face diffuse scattering require the use of incident angles
much larger than the critical angle for reflection from a mir-
ror and, therefore, a monochromator crystal is used to steer
the beam downward. Our spectrometer consists of the fol-
lowing major componentsfl) a flat single-crystal mono- (projection) ¢
chromator to select the wavelength and steer the x-ray beam
downward;(2) a rotary(26) stage to orient the spectrometer
to intercept the x-ray beam of the chosen ene(@yslits on FIG. 3. The axig is out of the paper for part@) and(b). The dashed lines
. . . in (&) and(b) are in theé—¢{ plane.(a) Kinematics for beam steering when
Input and OUtpUt(deteCto} arms to adJUSt the size of the the monochromator is rotated about its long ais.Kinematics for beam
beam incident on the sample and set the resolutidh;a steering when the monochromator is rotated about an axis collinear with the
sample stage to adjust the vertical position of the sample agcoming x-ray beam(c) Projection of kinematics in parb) onto the{—{
appropriate for the desired angle of incidence; #8dan  Plane- The axis; is into the paper.
output arm and detector that can be appropriately oriented

about the sample to choose both @evector and resolution. for the easy replacement of monochromators for par-
The X19C spectrometer has the following features: ticular experiments. For example, experiments which
. _ L , can be carried out with lower resolution but need
(i) Range inQ, of 0.01 nm“<Q,=30 nm ". Resolu- higher flux will benefit from the use of multilayer
tion in Q; is ~0.01 nm* with a typical reproducibil- monochromators. X19C currently has both sili-
ity of better than 0.03 nm". con(111) and multilayer monochromators df spac-
(i)  For grazing-incidence diffraction, the detector theta ing equal to 1.75 and 1.2 nfl,see Table II.
motion is at Iea§l;f90°.. The in-planeQ-space reso-  (yii) The spectrometer is permanently installed in the
lution is 0.07 nm (Ui”g Soller slits with a repro- X19C hutch. This reduces the setup time for an ex-
ducibility of 0.015 nm™". periment in comparison with portable spectrometers.

(i)  For surface diffuse scattering, the resolutiorQp is
10°° nm! with a typical reproducibility of better
than 3x10 % nm™%

(iv)  The capacity to use large and heavy sample chambers, A single reflection off a flat monochromator crystal or
as required for high-vacuum experiments. Samplemultilayer is used to select the x-ray energy and to steer the
chambers of 100 kgwith a center of mass-0.3m  x-ray beam from its initial direction of approximately 9 mrad
from the bottom that can fit on a 0.6 ,80.75 m table  from the horizontal to the desired incident reflection angle on
are easily accommodated. the sample. Two useful rotation geometries are available for

(v)  Simple wavelength tuning from 6 to 17 keV, allowing this beam steering. In the first, the monochromator is rotated
for measurement of differential anomalous reflectivity about an axis along the length of the monochromator and in
and fluorescence, and grazing incidence anomalous xhe plane of the monochromator. The monochromatic beam
ray scatteringthese techniques have yet to be Ysed is then steered in a plane at a fixed [2ee Fig. 83)] with a

(vi)  Simple spectrometer optics consisting of a single, flasmall change in x-ray energy as a function of the incident
monochromator. The monochromator tank is designe@ngle on the sample. This geometry has been described in
for easy access to all components, thereby allowingletail by Persharet al® and can be used when the x rays

C. Steering crystal monochromator
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incident upon the monochromator have large enough band-
width to accommodate this energy variation and when the
experimental technique can permit it. An alternative geom-
etry uses a rotation of the monochromator about the axis
collinear with the incoming bearfsee Fig. &)]. This has

the advantage that the x-ray energy is fixed as a function of
incident angle. However, the beam is steered in a cone, de-
manding that the spectrometer follow the beam by varying
20 as the angle of incidence is varied. This alternative geom-
etry is necessary when monochromatic x réysm a beam-

line monochromator, as, for example, at NSLS beamline
X22B) are. incident on the steerlng. monochromator or Wher-':IG. 4. (a) X-ray beam steering onto sample at incident angl¢b) As in
the experimental technique requires a fixed energy. Th@art(a) with the inclusion of the reflection angle from the mirra, .
X19C spectrometer is capable of either geometry, though the

latter is usually used and will be described in this manu-

script. resulting in
At X19Q, the x ray; inciden@ on the monochromator are Koot m=K(COZ 205), SIN(20) SiN x), SiN(205)cog x)).
broadband in energy with a horizontal divergence of 2 mrad ’ (13

and a vertical divergence of 0.1 mrad. The beam steerin o )

geometry mixes the horizontal and vertical divergence as thE0te that theg component ke, is independent of in-
monochromator is rotated. This changes the shape of thlicating thatkery rotates in a cone about theaxis. The
beam reflected from the monochromator and is particularyPPectrometer has to vary2o follow kretm. By projecting

noticeable when using multilayer monochromators that reXrerm iNto theé=¢ plane, as shown in Fig(8), it is seen that

quire large rotation angles to achieve the desired angle of Kef;  SIN(265)c0S x)
incidence on the sample. Due to the large horizontal diver- tan(26)= K == c0s205) =tan(26g)cog x).
gence AE/E=3x 103 for the S{111) monochromator and ref.é B (14)

AE/E=5x10"2 for the multilayer monochromatofat 8

keV), despite the much smaller natural bandwidth of theThe angle of incidence onto the sampie,is determined by
Si(111) crystal. The multilayer monochromator's bandwidth the 7 component oKt (denotedkierm, ,) as

is well matched to the optics, resulting in an increase in : _ i :

photon flux by a factor of 25 over that from the(Bi1) Sin(a) =krem Tk =sin(2g)sin(x). 13
(Table Il). When using the $111) crystal, we calculate that or
by reducing the horizontal beam divergence before the e :
monochromator, the energy bandwidftf:, can be reduced x=sin{sin(a)/sin(26g)], (16

to ~5-10eV. Reduction oAE to nearly this value has which gives the monochromator rotation angiefor a de-
been recently accomplishéd. sired angle of incidencey [see Fig. 4a)].

Here, we review the relationship between the incident At X19C, the geometry is slightly more complicated be-
wave vectorki, ,, onto the steering monochromator and thecause the x-ray beam incident on the monochromator devi-
wave vector reflected from the monochromatgg; ... When  ates from the horizontal by approximately 9 mrad, but the
the beam is not steered, the plane of incidence iséthe  sample, being liquid, maintains a fixed horizontal surface
plane, as shown in Fig.(. The incident angle is the Bragg determined by gravity. Figure(d) identifies the mirror re-
angle, 6g. In (¢ space, ki, h»=k(1,0,0), wherek flection angle as &, in the {&—» plane. If we consider the
= |Kin.m| =27/\, andX\ is the x-ray wavelength; the recipro- ¢-»—{ space to be attached to the steering monochromator
cal lattice vectorr= 1 —cos@@/2— 0g),0,sin@/2— 6g)]. In (as used aboyeand a¢’'—7n'—¢' space attached to the
this case, the wavelength is the central wavelength detesample, therk, s, in the primed coordinates can be written
mined by the monochromator and the incident angle. Thén terms of a simple rotation about th€={") axis. This
rays drawn in Figs. @)—3(c) are the central rays. The re- gives
flected wave vector is then written as

I(ref,m,g’
Krefm=Kinm+ 7= (k— 7 sin(6g),0,r cog 6g)). (12) Kref,m, 7'
k )
The Bragg condition for diffractiortreflection, in this case rem¢ ) ) )
from a perfect crystal can be written as- 2k sin(fg) lead- €04 2g)COS 2 6y) — SIN(26g)SIN(2 6y SN x
ing t0 Ker m= K(cOS(X),0,sin(Yg)) as expected for simple =k| cog26g)sin(26y,) +sin(260g)cog 26,,)sin x
Bragg reflection. sin(26g)cos x
It is now easy to consider the effect of a rotation of the 17)

monochromator through an anghe about the¢ axis, as

shown in Fig. 8b). The reciprocal lattice vector is written as Where thel’ component is unchanged. As beforé, i2 de-
termined by the projection onto tlié—¢' plane and is given

7=7(—sin(fg),cog fg)sin(x),cog fg)cog x)), (12) by
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FIG. 6. Top view of liquid surface spectrometéefer to Table ): mt,
monochromator tank; yt, horizontal motigtransverse to the bearfor the
spectrometer and monochromator tank togethétp? 26 tie plate connect-

FIG. 5. Side view of liquid surface spectrometgefer to Table ): mt, ing the 29 stage to the rest of the spectrometer; dth, detector thettion);
monochromator tank; km, kinematic mougunly 1 of 3 mounting places  atp, air bearing tie plate connecting the three air bearings; ia, input arm; and
shown); tel, alignment telescope mounting platelescope not shownw, oa, output arm.

monochromator tank window; ia, input arm; ic, input column; yt, horizontal
motion (transverse to the beanfor the spectrometer and monochromator

tank together; 2,,, twice the mirror reflection angle;2TP, 20 tie plate . A . .
connecting the & stage to the rest of the spectrometer; sth, sample thetaa cross hair placed at the center of the 3-circle rotation. This

(rotation); dth, detector thetdrotation); sh, sample height stageertical optical alignment is performed with the monochromator tank
motior); vib, vibration isolation blocks; air, air bearing®tal of 3; atp, air ~ closed, by sighting through four windows placed 90° apart.
bearing tie plate connecting the three air bearings; oc, output column; anf|gte that the entire 3-circle is tilted at9 mrad (2,,) with
0a, output arm. respect to the 2 stage. The 2 stage rotates the rest of the
spectrometer, including the sample, in a horizontal plaee
tan(26g)cos y 18 Flgs-r? and & ) 4 direct
: : , The monochromator is mounted directly on a water-
cog26,,) —tan26g)sin(26,,)sin . .
420m) 26g)SIN(20m)Sin x cooled block mounted on a linear translation stage
and a is determined by sir)=Kesm ,» /k and is given by (“monot”) that is then mounted on the 3-circleds stage.
; ; - ; This stage is used to translate the monochromator out of the
sin a=cog260g)sin(26,,) + sin(26g)cog26,,)sin y. - . .
“ $26g)SIN26m) +SIN(205) COS 2 6r) X(lg) beam and replace it with a cross hair centered on the rotation
] axes of the 3-circle. Shining the x-ray beam on the cross hair
Use of Eq.(19) allows us to write the monochromator rota- gjjows the 3-circle and the rest of the spectrometer to be
tion angle, x, in terms of the angle of incidence on the centered on the beam. This placement is effected by moving

20=tan !

sample,a, as the entire spectrometer including the monochromator tank
- sin a— cog26g)sin(26,,) with a translation stag€‘yt” ) placed below the @ stage.
x=sin C0s20,)5iN(205) (200 The relative position of the center of the monochromator

3-circle with respect to the spectrometer is, therefore, undis-
Because of the mirror reflectiom;=0 does not correspond turbed(see Figs. 5 and)6
to x=0. The steel monochromator tank is pumped down to
To execute the necessary motions, the monochromator 02 Torr, filled with helium, and then left with a small flow
mounted on thed stage of a 3-circle goniometdi.e., a  of helium during usage. The monochromated and steered x
4-circle geometry goniometer without the lowes#, 8tage.  rays exit the tank through a larg@ cmx24 cm), flat, beryl-
This custom 3-circle was assembled from Huber Model Noslium or kapton, window. A window cover is used when
410 and 511.1 by Blake Industrié$>* The ® stage is used changing the pressure in the tank to ensure that there is es-
to set the x-ray energy by settirdy. The y stage performs sentially no pressure gradient across the window. To protect
the xy motion described above. To align theaxis to be the beryllium window from oxidation, a thin lay¢200 nmj
collinear with the incoming beam requires rotation of fne of aluminum was deposited on the outside of the window.
and ® stages as a unit about an approximately vertical axisiowever, this deteriorated after exposure to the focused
(the » axig). This rotation is performed by th@ stage of the  white beam. The beryllium window is now used with a kap-
3-circle. The alignment of thg axis also requires a rotation ton window over it and a flow of helium gas between the two
about a horizontal axis normal to the beam patéfined by  windows.
the x-ray direction incident upon the monochromatdihis
rotation is possible because the entire monochromator tank
mounted on kinematic mounts that allow for small rotations  When rotated by the Huber 44® 3tage, the spectrom-
about the{ axis through the monochromat¢see Fig. 5. eter is supported by three air bearing p&l8x 0.3 nt area
Deviation from perfect alignment results in changes in thefor each) riding on a granite plat€1.9 mx1.2 mx0.15 m).
x-ray energy as the beam is steered to different an@es The air bearings and the truncated triangular tie plate
the Appendix. Fig. 6) were engineered and manufactured by Dover Instru-
The 29 stage(Huber 440 is not directly attached to the ment Corp:° This bearing mechanism supports a 270 kg load
3-circle, but is displaced vertically downward byl m. The  centered on the sample talflacluding a sample chamber of
26-axis and 3-circle rotation axes are aligned by using a tele100 kg or lessand a 90 kg load from the output arm support
scope, that rotates concentrically with th@akis, to sight on  structure that is offset by 685.8 mm from the center. The air

I%. Air bearing mechanism
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bearing mechanism can rotate 37° i® 8n a radius of vibration isolated by a MOD-2 isolation system from JKS.
1238.25 mm(distance from the monochromator to sampleThis system isolates the liquid surfaces from mechanically
centej (see Fig. 6. induced vibrations. It provides active-feedback vibration iso-
The mechanism serves a dual purpose by also providintation, which maintains the absolute vertical position of the
the bearing mechanism for the detector rotation. When théreadboard to within um (and rotations to within Zrad),
20 tie plate is fixed at a specified angle and the dth stag@ecessary for maintaining sample alignment for the very
rotates, the air bearing tie plate rotates about a vertical axismall grazing incident angles typically used to study liquid
through the sample center. The dth rotation range is a minisurfaces. The sample heigfiish” ) stage is a custom built
mum of +=90° for 10°<2#<35°. Limitations on this rota- vertical translation stage with 290 mm of travel and a step
tion range are due to the position of the experimental hutclsize of 1.3um. Optical encoder feedback of this stage results
wall and interference between the output column and #he 2in a motion accuracy of-3 um, primarily limited by the
tie plate. mechanical creep of the stagencoder from Heidenhaif).
The granite plate is flat to within 2,8m and was leveled For higher precision work, small samples can be mounted on
to better than X 10~ “ rad when installed. For motion in the a small, accurate translation stage mounted on top of the
horizontal plane, the vertical motion of a given referencesample breadboard.

point on the air bearing tie plate surfageith respect to the The sample table can be rotated about its center by a
granite plat¢ does not exceed 2,8m over the entire excur- Franke rotary table(PDM400M, “sth”). Although the
sion of the bearing mechanism. sample rotation may be limited by the use of large sample

chambers, the table is capable of rotating 360°.
E. Input and output arms

The input and output arms, shown schematically in Figs ,
5 and 6, are centered 558.8 mm from the monochromatocr;' Electronics and computer control
and 685.8 mm from the sample center, respectively. These The motions of the spectrometer and beamline motors as
hold Klinger rails(X-95)°® onto which the experimenter can well as the electronic signals from the detectors are con-
attach slitge.g., motorized Huber slit assemblig®n cham-  trolled and read by a Sun Sparcstation 2 using hardware and
bers, scintillator detectorémounted vertically or horizon- software that are standard in the x-ray scattering community.
tally), Soller slits, a linear detector, evacuated beam paths, okhe software is a commercial package cakggc(Certified
other optical elements as needed for a particular experimencientific Softwarg® The X19C spectrometer uses the Surf
The rails are easily replaced with others of different length,module of thespecsoftware whose macrolanguage has been
and the optical components can be placed at most pointgsed to customize the software for X19CCAMAC interface
along the beam path. The vertical position of the componentts used for motor contro(E-500 stepper motor controllers
placed on the rail is very reproduciblavithin a few mi-  from DSPY) and for counting single-channel detectors such
crometers The input arm is oriented and positioned cor- as Nal scintillatorgBicron Corp®?) using counting and tim-
rectly in the beam using an Anorad 7-6 linear translationing electronics from Kinetic Systent8610 Hex Counter and
stage mounted for vertical translatigfih” ) and a Huber 3655 Timing Generatbf and detector signal amplification
414 double rotation staggir” ) rotating about a horizontal electronics from Orted556 Power Supply, 590A preamp
axis. The other rotation axis of the Huber 414 can be used tend SCA, and 449 rateme}éf The electronics allows for
rotate a crystal into the beam. This allows the incident encounting to absolute time intervals or for gating detectors
ergy as a function of monochromator steering angle to béccording to the total number of counts in another detector
measured as the incident angle is variby using a detector (typically used to monitor the beam intensity immediately
on the end of the input arm prior to the sample Transistor—transistor logic signals from

The output arm, which normally holds a detector, is ori-the CAMAC motor controllers are sent to motor drivers, which
ented and positioned in a similar fashion with a verticalamplify the signals as appropriate for different mot(asv-
translation stagéAnorad 7-10 and a rotation about a hori- ers from ACS?* 4-phase stepping motors from Superior
zontal axis(Franke PDM175M rotary tableBecause of the Electric or Vexta. The software controls approximately 40
significant torque loads on both the input and output armsinotors.  An  IEEE-488 interface  board (National
additional bearing surfaces were added for both the transldnstrument§®) allows other signals to be recorded by the
tions and rotations. computer. These include signals from a multichannel buffer

The input and output arms and their associated motioffOrtec 918 and 476-4 multiplex®y that records the output
stages are supported on the input and output columns, ré&f a linear detectofOrdeld®) as well as any signals recorded
spectively. The input column is mounted on thet® plate by a scanner multimetdKeithley Instruments model 189
connecting the & stage and the detector rotation stage. Thesuch as the resistance of thermist@esmeasure sample tem-
output column is mounted on the air bearing tie plate that igeratures
rotated about the sample center by the dth stage.

F. Sample table and vibration isolation VIl. MEASUREMENTS

The mounting surface for sample chambers is a 0.6 In this section, a few measurements are discussed, which
X 0.75 nt breadboard from Newport Research Ctftthatis illustrate the capabilities of the spectrometer.
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A. Liquid-liquid interfacial structure
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Liquid—liquid interfaces are model systems to study in- 0 0 0.050.10.150.2 0.25 0.3 0.35
terfacial phenomena in a variety of technologically and sci- Q. (nm™)
z

entifically important areas. Recent measurements at the oil—
monolayer—water interface by Lest al. and McClainet al.

d y flectivi d y . ivel FIG. 8. Reflected intensity versu3, for x rays reflected from the oil—
used neutron reflectivity and x-ray scattering, respectively, tQnicroemulsion interface of afE;—decane—water mixture. The two symbols

probe the large interfacial roughn€§§f3 (circles and trianglgsrepresent two different data sets from two different
At X19C, we are currently studying the oil- samples measured during two different experimental runs. The solid line is

microemulsion interface in ternary liquid systems containing? fit ©© Eq.(21).

a straight-chain oil, water, and a surfactant from the homolo-

gous  series (E [n-alkyl polyglycol  ether R(Q,) QZ_QT‘Z
CH3(CH,);_1(OCH,CH,);OH].**""> We have made x-ray 2 = T exp(—o?Q,Q)), (21)
scattering measurements from the oil-microemulsion inter- o Q2+Q2|

face of several ternary mixtures that include one of the surwhere R(Q,) is the reflected intensity as a function of the
factants, GE;, C4E,, or CioE,. The mixtures using §E; or  wave-vectorQ, normal to the interfacel, is the incident
CeE, yield qualitatively similar results. The mixtures with intensity, andQIE«/QZZ—QCZ is the z component of wave-
C10E4 have much rougher interfaces 200 A) and will be  vector transfer with respect to the microemulsion phase. The
discussed elsewhere. Here, we present studies of &lid line in Fig. 8 is a fit to Eq(21) that yieldso=66 A
C,E,—water—decanél:1:3) mixture at 35.00 °C prepared in +3 A. This value is much larger than the largest molecular
a vapor-tight sample cell. Under these conditions, the solusjze (~10 A), and is indicative of a strongly fluctuating in-
tion is in a three-phase state with a middle-phase microemulerface.

sion. The primary experimental challenge occurs because the Figure 9 shows the surface diffuse scattering measured
x-ray beam fully traverses the diameter of one of the bulkas a function of3 for fixed a. The larger peak occurs at the
phases. The concurrent absorption and bulk scattering detespecular condition ¢=); the smaller peak occurs at the
mines the need for a small sample that, in turn, requires gritical angle,a., and is due to the enhanced surface scat-

very small x-ray beam{10 um vertically). The high bril-  tering from surface fluctuations. The solid line results from
I|ance. of a synchrotron x-ray source is needed to meet thifitting to the form given by Eq(8) using the surface rough-
experimental challenge. ness determined by the specular reflectivity. The one signifi-

We used HO from a Barnstead Nanopure UV system, cant fitting parameter is the interfacial tensiop=0.18
decane (99 %) purchased from Sigma, and&; (>99.8%9  +0.01 dyn/cm. In addition to the interfacial tension, a lin-
purchased from Fluka. The solution is contained in a p0|y-ear|y s|oped background on the order of 10% of the peak

carbonate sample cell of approximate cylindrical symmetryheights is fit. We have also fit our data to a slightly less
The x rays pass in and out of the cell through two thin mylar

windows attached to the body of the cell with Kal@zings.
The sample cell is surrounded by a two-stage thermostat and 10 o’
temperature controlled to within 0.005 °C. i
In this design, the x rays pass through 35 mm of the
upper phase, necessitating the use of high energy x(s&gs
Fig. 7). The absorption length of the upper decane-rich phase
(at 35 °Q at 15 keV is 15 mm, resulting in an absorption loss
of 90%. By using a multilayer monochromator crystal at the
X19C surface spectrometer, we have adequate intensity to

Scattered intensity
—

perform these experiment§ x 10'* photons/s at 15 keV in a ! S

0.5 mmx1 mm spot. 1
The reflectivity datafrom the oil-microemulsion inter- 0 002 0.04 006 0.08 0.1

face shown in Fig. 8 are very ned. and cannot be ana- Scattering angle B (°)

lyzed with the Born approximation given in Eq8) and(4).

Instead, the§e dfrﬂa were ana!yzed W_Ith the _dlstorted WavﬁG. 9. Intensity of the surface diffuse scattering at fixed incident angle,
Born _apprO)“mat'O” _to deteggn;?r’]e the interfacial roughness, — o oeg°, plotted as a function of the scattering angteThe solid line is

o, using the result given 5% a fit to Eq.(8).
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approximate form for the distorted wave Born approximation 12.76
as given by Sinhat al3? There are slight quantitative differ-
ences, however, the qualitative features remain the same.

The data in Figs. 8 and 9 are fit simultaneously because
of a small interplay between the roughness value needed to
fit the reflectivity and that needed to fit the diffuse scattering.
This occurs because some diffusely scattered x rays are mea-
sured by the detector set for the specular condition. To ex-
tract the value for the roughness consistent simultaneously
with both reflectivity and diffuse scattering requires subtract-
ing the diffuse scattering from the specular measurements 12.68
during the fitting process. This will be discussed elsewREre.

g 12.74
12.72

12.70

Peak Position Q

Temperature (°C)

B. Thermal expansion coefficient of a perfluorinated

monolayer at the air—water interface FIG. 10. Diffraction peak cente®,, as a function of the substrate water

. L : . . temperature. Data are shown for three separately prepared monolayers. Cir-
Grazing incidence x-ray diffraction measurements of &ular and square symbols represent data taken during the same experimental

monolayer of perfluorar-eicosand F(CF,),oF] at the water  run; the triangles refer to data taken during a different experimental run. The
surface were made at X19C. Although this molecule is not dine is a least-squares linear fit to the data represented by the triangles.
surfactant in the traditional sense of having both hydrophilic

and hydrophobic moieties, nevertheless, it forms well-0.015 nmi? in Qyy- The complete alignment of the spec-
ordered monolayers supported on water. It is plausible that gometer, including the beamline mirror, is responsible for
delicate balance between a strongly attractive laterajhis systematic error i9,,. Note that the thermal expan-
fluorocarbon—fluorocarbon interaction and the weaker varjon, indicated by the slope of the data, is essentially the
der Waals forces between the fluorocarbon molecules and thgyme for all three data sets.

water allows the fluorocarbon molecules to spread over the

surface as a single layer. Due to the unusual nature of thisCKNOWLEDGMENTS

monolayer, it is sensible to ask if it shows some of the char-

acteristic features of bulk fluorocarbons. For example, an .One of the authorgM.L.S.) _ackno_wledges the .fOIIOW'
earlier study of this monolayer had indicated that it might'ng' Peter Pershan for many stimulating conversations about

show evidence for a structural transition similar to that seeA'qu'd. surface scatteringncluding the calculation in t_he Ap—.
for Teflon. However, our study of the thermal expansionpendw’ John B"'?‘”Z for conversations about the ar bearing
coefficient over the temperature range from 2 to 35 °C pre_support mechanlsm, Mos_hg Deutsc_h for good advice about
cludes this possibility’ spectrometer design, Wilfried Schildkamp for the mirror

Monolayers of perfluorareicosane spread onto a pure bender design, Peter Takacs for profilometer measurements

water surface form a hexagonal phase with the molecule f the mirror, gn_d the University qf Chicago’s C_enter for
vanced Radiation Sources technical support gl@upar-

oriented perpendicular to the surface. The studies discusse:

here were measured on monolayers where the macroscopi&mar’ Harold _Brewer, Kevin Van der Jack, and _C_Ia_ude
areal density varied from 0.45 to 0.50 Aper molecule. The radervanii This work was supported by the NSF Division

molecules form ordered monolayer patches whose unit cell igf Chgmlstry(M.L.S. and S'AR’ .CARS fat t.he Unlvgrsny
constant over the macroscopic density range studied here.Of Chicago(M.L.S.), the Unlver_S|ty of lliinois at Chicago
The data shown in Fig. 10 demonstrate the temperaturgvl'l"s')’ and acknowledgment IS made to the donors of The
dependence of thé,1) diffraction peaks of three separate .etroleum Resegrch Fund, administered by the ACS.’ for par-
monolayers of perfluoro-eicosane in the hexagonal phase.t'al support of this researcfM.L.S.). Brookhaven National

The average thermal expansion coefficient of the Chain_l_aboratory is supported by the Division of Materials Re-

chain separation computed from this data is ¢7018) search, U.S. Department of Energy, under Contract No. DE-
X 10°° nm/°C. Although we have not found any studies of AC02-76CHO0016.
the thermal expansion of bulk fluoroalkanes, this value is )
similar to thermal expansion coefficients of bulk alkanes (6APPENDIX' ENERGY ERROR DUE TO ALIGNMENT
X 10"°% nm/°C) in the tightly packed low-temperature ortho- Although most of the techniques we intend to use can
rhombic phase. However, the hexagofwtatop phase of accommodate the small energy changes that occyy s
bulk alkanes is more loosely packed and has a much greatehanged, the measurement of differential anomalous reflec-
thermal expansion, of the order of8L0" 4 nm/°C. tivity requires a very constant incident energy for all incident
The three sets of data shown in Fig. 10 illustrate theangles. It can be shown that if the incoming beam is mis-
repeatability of the spectrometer. Data sets B and C weraligned from they axis by an angle: in the vertical and an
taken during a single trip to the synchrotr@dSLS). Slight  angledin the horizontalsee Fig. 1}, then the change in the
realignment of the spectrometer between the spreading @ngle® required to reorient the monochromator crystal for
these two monolayers did not affect these indistinguishabl®ragg reflection at a particular energy iAd~ey
data sets. However, data set A was measured during a dif- (1/2)x2. To see this, writ&ki, i in (€,7,{) space includ-
ferent trip to the synchrotron and is offset from B and C bying the effect ofe and 6 (see Fig. 12,
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FIG. 11. lllustration of misalignment betwe&, ., and they axis (collinear
with the £ axig). The angular deviation in the horizontaldsthe deviation in
the vertical ise.

Kin.m=k(cog €)cog ),sin €),cog €)sin( 5)). (A1)
For =0, the reciprocal lattice vector can be written as
7= 71(—coq 7/2— 65— 5),0,sin(7/2— 65— 5)). (A2)

Using the Bragg condition 27-k= 72, it is easily found
that 7°=2kr cos(e)sin(dg) or 7/2k=sin(fg) to first order in
€.

By considering the projection afinto the é—¢ plane for
x# 0, it is seen that thé component ofris independent of
(Fig. 12. This allows us to write, foiy #0,

7= 7(—cog w/2— Og— 8),coq O+ S)sin( x),

X cog fg+ 8)coq x)). (A3)
Using the Bragg condition, EqA3) leads to
T = sin(0g) — ex+ 5y 22, (A4)

2k

to first order ins and e. The first term is the usual Bragg

allel to the beam, the crystal is placed into the beamdarnsl
rocked. As long as the crystal is well within the beam, then
the peak in the intensity will have a maximum that corre-
sponds to the crystal being parallel to the beam. If thedwo
values required for parallelism are different, then a correc-
tion of half the difference is made. To adjustthe two y
positions used are-/—90° and the correction is made by a
® motion (3-circle ® stage. To adjuste, the twoy positions
used are 0° and 180° and the correction is made by the ki-
nematic mount on the monochromator tank.

A typical alignment of the spectrometer is capable of
reducingAE/E to less than 5 eV over the full range of re-
flection angles without too much difficulty. Given the other
limitations in energy resolution at X19C, this resolution is
adequate.
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